The existing self-healing evaluation of smart distribution network mainly has the problem of uncomprehensive quantitative indicators and neglecting the uncertainty in self-healing process, which leads to inaccurate evaluation higher than the actual result. In order to solve the above problems, this paper carries out two aspects of work: 1) four quantitative indicators, namely self-healing credibility, self-healing rate, self-healing speed, and self-healing benefits for smart distribution network are proposed firstly; based on the above four indicators, a comprehensive evaluation index of self-healing performance is then proposed by using entropy weight method; 2) uncertainty theory is used to quantitatively describe the uncertainty of self-healing, thereby solving the problems of uncertainty and insufficient samples in self-healing evaluation process. The effectiveness of the proposed method is verified by numerical simulation.
I. INTRODUCTION
The smart distribution network has the advantages of economy, high efficiency, interaction, reliability, self-healing, etc., and thus has obtained extensive research and advancement [1] - [6] . With the increasing complexity of smart distribution networks, it is especially important to study the fault detection, isolation and self-recovery of power grids under various fault conditions, and minimize the impact of abnormalities or faults on the grid with minimal manual intervention, that is self-healing capability of the grid. Self-healing capability is the most important and most significant feature of automation of smart distribution network. In order to evaluate the actual effect of smart distribution network construction, it is necessary to conduct a comprehensive and objective evaluation of its self-healing, so as to accurately analyze the problems existing in the self-healing of the power grid, and provide guidance for the improvement of the self-healing capacity of the power grid.
Experts at home and abroad have evaluated smart grids from different perspectives and established various smart grid evaluation index systems. Reference [7] proposes the smart grid maturity model, which positions the basic functions of The associate editor coordinating the review of this manuscript and approving it for publication was Zhiyi Li .
the smart grid to improve the reliability and efficiency of the system, to accommodate more new energy, and to allow customers to interact more with the grid. The smart grid assessment framework system is proposed by the United States in [8], [9] , the smart grid benefit evaluation index system is proposed by Europe [10] , [11] , and ''two-type'' grid index system to scientifically reflect the resource saving effect and environmental optimization degree in the development of power grid is proposed in [12] , grid development index system to measure economic development, grid development speed, construction scale, development quality and efficiency [13] and other evaluation systems are proposed by China.
For the self-healing of the power grid, domestic and foreign scholars have also conducted special research. Reference [14] defines the self-healing speed and the self-healing rate of power supply, but the number of evaluation indicators is only two and the evaluation is not comprehensive. Reference [15] uses fuzzy analytic hierarchy process to evaluate the comprehensive benefits of smart grid self-healing, involving the technical, economic, social and practical aspects of the grid, but it does not give a quantitative calculation method for indicators. Reference [16] evaluates the self-healing ability of each section of the distribution network after fault, but does not evaluate the self-healing economic effect, nor does it consider uncertainty in the process of self-healing.
The above research has done meaningful work, but there are still the following two main problems when evaluating the self-healing of smart distribution networks:1) There is still a lack of comprehensive quantitative evaluation indicators for self-healing; 2) the uncertainty of the self-healing operation process, including the uncertainty of the reliability of the switching elements, the uncertainty of the switching speed, and so on, is not taken into account, leading to inaccurate evaluation results.
Quantitative evaluation indicators, including self-healing reliability, self-healing rate, self-healing speed and selfhealing benefit, are proposed in this paper, and the uncertainty of recovery process is considered. When it comes to the uncertainty of the self-healing process, a large amount of sample data is required in the evaluation of the grid self-healing ability. However, due to the limitations of grid measurement equipment, it is difficult to obtain sufficient sample data for comprehensive self-healing. Therefore, this paper uses the uncertainty theory [17] that does not have strict requirements on sample data to solve these problems. The variable characteristics of uncertainty theory are characterized by uncertain distribution, which is characterized based on the principle of maximum entropy, different from the probability distribution of probability variables based on sample data.
Main contributions of this paper are twofold: 1) Comprehensive evaluation indicators for self-healing, including reliability, scope, speed, and benefits of selfrecovery, are presented and their calculation methods are also presented; 2) uncertainty in evaluation indicators for selfhealing is taken into account, thereby improving the accuracy of the evaluation results.
The rest of this paper is organized as follows: the selfhealing credibility is introduced in section II, which is related to component reliability. Section III proposes the traditional self-healing rate and its improvement based on self-healing credibility. Section IV gives the self-healing speed of sensitive load and normal load according to the theory of uncertain data. Then, Section V provides self-healing benefits according to the reduction of loss by recovery. Section VI provides self-healing comprehensive performance through the entropy weight method. Section VII gives specific case studies. Finally, conclusions are drawn in section VIII. The relationship between the section II, section III, section IV, section V, and section VI is shown as Figure 1 :
II. SELF-HEALING CREDIBILITY CONSIDERING THE UNCERTAINTY OF COMPONENT RELIABILITY
After the system fails, in the process of load recovery, a plurality of switching elements are required to cooperate together. Obviously, if the switches can work normally, it will be reliable that the load can be successfully restored. Therefore, the reliability of the switching element determines the self-healing credibility of the load. However, the reliability of the switching element is uncertain, influenced by the use of the switch and the magnitude of the current flowing through the switch. As a result, we need to calculate the reliability of the component, and then get the self-healing credibility of the load according to the reliability of a series of related components.
A. REPRESENTATION OF SELF-HEALING RESULTS
The state of the system is either self-healing or non-selfhealing [18] . Therefore, this paper chooses to use Boolean system to represent the state of the system. For convenience, the state of the component is defined by a Boolean system as.
Similarly, use Boolean systems to define the self-healing results of the load:
X pi = 1, load pi can be self-healing 0, load pi can not be self-healing (2) Assuming that the success of the load pi being self-healing is related to the switching elements x 1 , x 2 , x 3 , · · · , x n , and n represents the number of switches, and the structural relationship of these switches f is represented by a Boolean function.
If and only if f (x 1 , x 2 , · · · , x n ) = 1, we have X pi = 1; if and only if f (x 1 , x 2 , · · · , x n ) = 0, we have X pi = 0.
B. SELF-HEALING CREDIBILITY
After the fault occurs, the normal operation of the switch is the key to recovery. Define the reliability indicator a i of the component i to represent the normal uncertainty measure of the component. That is, the uncertainty measure of x i = 1 is a i , and the uncertainty measure of x i = 0 is 1 − a i . The self-healing of the load is inseparable from the normal operation of a series of switching elements, and the self-healing credibility R MBE = M be = M {f (x 1 , x 2 , · · · , x n ) = 1} of the load pi is defined to indicate the uncertainty measure [19] of the self-healing of the load. The formula to calculate R MBE is as follows:
where, v i (x i ) is calculated as follows: Obviously, if the relationship of the switching elements is
where ∧ represents logic AND; If the relationship of the switching elements is parallel,
If the relationship of the switching elements is that at least k of the n switches are working normally, the healing is
, a 2 , · · · , a n ].
C. UNCERTAINTY IN COMPONENT RELIABILITY
In fact, the ability of the component to withstand disturbance is uncertain, which means that the reliability of the component a i is not a fixed value [20] . Therefore, the ability of a component to withstand disturbances varies within a certain interval [D low , D up ]. The interval number is a kind of special fuzzy number, and the membership function can be used to describe its changing trend. The reliability of the switch a i can be expressed by the membership value. According to Ref. [21] , the membership function between the reliability and current state parameter of the switching elements is shown in Figure 2 . Where, S is the magnitude of the current through the switch; S 1 and S lim 1 are thresholds for failure and reliable operation of components, respectively. Set S 1 = 1.30pu, S lim 1 = 1.10pu. In addition, component reliability is also related to the component's using time. The longer the using time, the lower the reliability. Therefore, the membership function between reliability and service time is shown as Figure 3 , in which R 2 indicates component life; R indicates the component service time.
According to the above two membership functions, different reliability values can be obtained. Choose the smaller of the two reliability values as the final reliability value a i of the component.
III. SELF-HEALING RATE A. SELF-HEALING RATE WITHOUT CONSIDERING SELF-HEALING CREDIBILITY
At present, in the evaluation of grid self-healing, self-healing rate R SHR is often used to describe the power restoration of the grid. The design of the indicator needs to take the importance of the load into account. In order to obtain the self-healing ability of the entire self-healing process, it is necessary to calculate the power recovery.
The traditional self-healing rate R SHR [16] is calculated as follows: (5) where, ω 1 , ω 2 and ω 3 are weight coefficients of the first class load, the second class load and the third class load; P 1,t , P 2,t and P 3,t are actually restored load at each level at the moment t; L 1,t , L 2,t and L 3,t are load demanded at each level at the moment t; T indicates lasting time of failure. The higher the self-healing rate, the more secure the power supply to the load, especially to the critical load.
However, this indicator does not take the state of the switching components into account after the fault, and it does not consider whether the components can work normally at this time, and finally whether the electrical load can be restored, that is, whether the self-healing is reliable or not. As a result, the results obtained will be higher than the actual self-healing rate of the grid. To solve this problem, this section introduces the self-healing rate considering selfhealing credibility in the next section.
B. SELF-HEALING RATE CONSIDERING SELF-HEALING CREDIBILITY
According to the self-healing credibility M be introduced in section 2, the calculation method of self-healing rate R SHR considering self-healing credibility is shown in (6) .
where, N 1 , N 2 and N 3 are numbers of the first class load, the second class load and the third class load; P 1,pi,t is power of the first load pi at the moment t; M be,pi is selfhealing credibility of load pi. According to the uncertainty theory, the reliability of each component related to recovery is between 0 and 1, then the self-healing credibility of the load can be calculated by (3), so 0 ≤ M be,pi ≤ 1 can be obtained. Therefore, the corrected self-healing rate value will be smaller than the original value, which is more in line with the actual self-healing rate of the power grid.
IV. ISELF-HEALING SPEED A. SELF-HEALING SPEED INDICATOR
When calculating the self-healing speed of the system, some of the self-healing credibility of the load is not high, which means it may not self-heal after the actual fault of the power grid. If the self-healing speed of this load is included in the calculation of the system's self-healing speed, it is obviously distorted. Therefore, a self-healing credibility threshold S 2 can be designed, and the self-healing speed of the load below this threshold is not considered, and only the self-healing speed of the load equal to or higher than this threshold is considered. Set S 2 = 0.90.
Considering the different degrees of impact of failure time on different loads, the load is divided into normal load and sensitive load. In fact, the way to recover for different loads is different. For sensitive loads, the power grid operates in a double-loop way. When a fault occurs somewhere, differential protection can be used to directly disconnect the switches at both ends of the faulty section, which can achieve self-healing seamlessly. The self-healing speed of sensitive loads R SHS,S can be considered to be zero, as (7) . Otherwise, the ordinary protection method will take a relatively long time, which will cause serious damage to the sensitive load, that is equivalent to not being able to heal itself.
For normal loads, ordinary protection is used. After the protection action, the fault is automatically located first, then the fault is isolated, and finally the power is restored. In addition, if there is a distributed power supply around the load, island self-healing can be achieved through distributed power supply. Either way, it can be divided into two processes: fault location and isolation recovery. Therefore, the self-healing speed of normal loads R SHS,N is expressed as the sum of the fault zone located time T 1 and the fault isolation and non-fault zone power recovery time T 2 , as follows:
Obviously, the smaller the self-healing speed index, the faster the response to the fault and the faster the self-healing speed. Finally, the self-healing speed of the whole system can be obtained by weighting the local velocities according to the sensitivity of the load.
B. UNCERTAIN SELF-HEALING SPEED OF ORDINARY LOAD
For fault zone positioning time T 1 and fault isolation and non-fault zone power recovery time T 2 , it is difficult to get a certain value for them. That is to say, they are uncertain. According to the uncertainty theory, uncertain data ξ can be obtained based on expert test data. The expert's experimental data is expressed as (t 1 , α 1 ), (t 2 , α 2 ), · · · , (t n , α n ), which satisfies the following relationship: t 1 < t 2 < · · · < t n , 0 ≤ α 1 ≤ α 2 ≤ · · · ≤ α n ≤ 1. t 1 , t 2 , · · · , t n is a series of time provided by experts, α 1 , α 2 , · · · , α n is the credibility of ξ < t 1 , ξ < t 2 , . . . , ξ < t n provided by experts in turn. Based on expert test data, empirically uncertain distributions of uncertain data (t) can be obtained:
Obviously, this is the result of using a linear interpolation method.
The formula for calculating the expected value of an uncertain distribution is as follows:
Among them, the uncertain data ξ 1 indicates the fault zone located time; the uncertain data ξ 2 indicates the fault isolation and non-fault zone power recovery time.
V. SELF-HEALING BENEFITS
The self-healing of smart grids requires a large investment by grid companies, and if their return on investment is low, the grid will be reluctant to invest. When evaluating the self-healing ability of smart grids, considering the actual background and significance, it is necessary to evaluate the benefits brought by self-healing ability of the grid. The economic benefits brought by the self-healing of the power grid are mainly realized by reducing the loss of grid failure. Therefore, this paper calculates the loss reduced under the failure of each part. Reduction of loss in residential areas L re can be calculated as (12) ; reduction of loss in commercial areas L co can be calculated as (13) ; reduction of loss in industrial areas L in can be calculated as (14) .
where, T indicates lasting time of failure. N r , N c and N g are numbers of load in the residential area, the commercial area and the industrial area. P r,pi,t is power of the load pi at the moment t in the residential area. δ 1 , δ 2 and δ 3 indicate the equivalent electricity price of the first class load, the second class load and the third class load in the unloaded power failure, as much as ten times of the regional electricity prices. Combine the fault rate to obtain the self-healing benefits R BEN of the entire power grid. Specific formula is as follows
(L re +L co +L in ) t]} (15) where, P A indicates the annual interest rate. T * represents the expected life of the grid. Set LO for the number of segments, γ l for the number of failures in a year for the section I . It can be seen from (15) that the better the self-healing ability of the area where the load is heavier and the electricity cost is higher, the higher the self-healing benefits of the entire power grid.
VI. SELF-HEALING COMPREHENSIVE PERFORMANCE
The self-healing credibility, self-healing rate, self-healing speed and self-healing benefit have been defined in the previous sections to measure the self-healing performance of the smart distribution network from four different perspectives. In order to facilitate the direct description of the selfhealing performance of the grid, a comprehensive indicator is needed. The information entropy of an event is an objective measure of the amount of information in an event [22] . Using information entropy can improve the objectivity of the evaluation. At the same time, it can solve the problem that the units of each evaluation index are not uniform and cannot be calculated. Therefore, the entropy weight method can be used to construct this comprehensive indicator, defined as self-healing comprehensive performance index. The larger the entropy value of the indicator, the smaller the amount of information provided by the indicator, and the smaller the role played in the comprehensive evaluation index, so the weight given is smaller. Let Y = (y ij ) mn , i = 1, 2, . . . , m, j = 1, 2, . . . , n be the comprehensive identification matrix. Where, m indicates the number of comprehensive evaluation schemes; n indicates the number of evaluation indicators, in this paper n = 4; y ij indicates the corresponding attribute value of the evaluation indicator j in the evaluation scheme i, that means y i1 , y i2 , y i3 and y i4 indicates the corresponding attribute value of R MBE , R SHR , R SHS,N and R BEN in the evaluation scheme i. The specific steps for obtaining comprehensive indicators by entropy weight method are as follows.
1) In order to eliminate the incommensurability between the indicators, the indicators are normalized.
Among them, z ij indicates the standardized indicator. 2) Calculate the information entropy E j of each indicator
Among them, when z ij = 0, z ij ln z ij = 0.
3) Calculate the weight coefficient α j of each indicator
4) Calculate the self-healing comprehensive performance indicator value R SHP
VII. CASE STUDIES A. DETAILS OF THE TEST SMART GRID
In order to prove the validity and correctness of the proposed method, this paper constructs a six-segment smart distribution network test case [23] shown in Figure 4 , which is proved by MATLAB. The actual distribution network system has many nodes, which can be divided into regions, and the selfhealing of each small region can be calculated according to the method of this paper.
Assume that the life cycle of the power grid project in this example is 40 years, that is, the annual interest rate P A is 4%. The residential electricity price, commercial electricity price and industrial electricity price are 0.5 yuan/kWh, 0.8 yuan/kWh and 1.2 yuan/kWh, respectively. In the example, as shown in figure1, there are 3 feeders. The feeder 2 and the feeder 3 are double operated by the contact switch S9, which provides conditions for the in-time self-healing of the sensitive load. Feeder 1 is mainly for residential use, feeder 2 for commercial use, and feeder 3 for industrial use. The daily load curves are shown in Figure 5 . S1, S5 and S7 are substation internal feeder circuit breakers; ST1, ST2, ST3 and ST4 are circuit breakers on both sides of the transformer; S2, S3, S4, S6 and S8 are switches on the line.
The maximum load of the system is 52MW, where loads of nodes 1, 2, 4, 5, 7, 9, 10, 11 and 12 are third class loads, 3 and 6 are second class loads, and 8 and 13 are first class load; load of node 13 is sensitive load. The weight coefficients of the first, the second and the third class loads are respectively 0.6, 0.3, and 0.1 according to the expert judgment, and the weight coefficients of the sensitive load and the ordinary load are respectively 0.7 and 0.3. Capacity of the photovoltaic power plant is 1 MW, and the power of it on a day is shown in Figure 6 . In addition, switch usage time is shown in Table1, and failure rate of each section is shown in Table2.
B. SIMULATION RESULTS AND DISCUSSION
Select 12 o'clock, and set fault respectively in the 6 sections. Then, perform self-healing analysis.
According to the membership function, the reliability of S5 and S7 is 0.99, the reliability of S1, S6, S8, and S9 is 0.98, the reliability of S2 is 0.96, and the reliability of S3 and S4 is 0.95. According to the formula (3), the self-healing credibility of each load after failure in each section is calculated, seen in Table3. The self-healing credibility of the load in the same segment is the same.
After section 1 failure, S1 is disconnected, which will affect the power supply of section 2 and section 3. During the failure of section 1, S1 cannot be closed. Section 2 is equipped with photovoltaic power station, and the recovery of power requires the cooperation of S1 and S2, and the self-healing credibility is 0.943. However, section 3 will not be able to restore power and the self-healing credibility credible is 0. If the section 4 fails, the power of section 5 can be restored by opening S6 and closing S9. Since the component reliabilities of S5, S6 and S9 are high, the self-healing credibility of the section 5 is high. Finally, the self-healing credibility of the system can be calculated.
According to the formula (6), the self-healing rate R SHR considering credibility can be calculated, and the self-healing rate R SHR without considering credibility can be calculated according to the formula (5) . Set the fault time to 30 mins. The results are shown in Table 4 .
According to the failure rate, the self-healing rate of system can be obtained considering credibility.
For time of fault location, the test data provided by the expert is (13,0), (15,0.6), (18, 1) ; for time of fault isolation, the test data provided by the expert is (40,0), (45,0.4) (48,1); for time of load transfer, the test data provided by the expert is (53,0), (60,0.4), (68,1); for time of island operation, the test data provided by the expert is: (80,0), (90,0.5), (100,1). According to the formula (8), the expected values of these uncertain data are 15, 44.9, 61, and 90, respectively. Calculate the self-healing speed considering uncertainty after each section failure according to the formula (10) . The result is shown in Table5.
Except that the self-healing credibility of segment 3 is lower than 0.9, the self-healing credibility of the other segments is higher than 0.9, so segment 3 is not considered in the calculation of the self-healing speed of the system. According to the failure rate, the self-healing speed of the system considering uncertainty can be obtained. The selfhealing speed of the sensitive load is 0s, and the self-healing speed of the common load is 133.6s.
Calculate self-healing benefits R BEN of the system according to the formula (11). The system's self-healing benefits R BEN = 1.216.The unit is 100 million yuan.
Calculate self-healing evaluation indicators at different times throughout the day. The result is shown in Figure 7 . It can be seen from the figure (a) that the smaller the load, the higher the self-healing credibility of the smart grid. This is because the self-healing credibility is related to the reliability of the component, and the reliability of the component is related to the service time of the component and the magnitude of the current through the component. When the load is small, the current passing through the component is small, so the self-healing credibility is high. It can be seen from Figure (b) that the self-healing rate of 8 and 14 points has reached a high level, because the self-healing credibility is high at this time, and the photovoltaic power plant can provide sufficient power due to the abundant sun. Figure (c) is a self-healing speed image of the normal load of the grid for 24 hours. It can be seen that the self-healing speed has nothing to do with time, and the self-healing speed of the sensitive load is zero. Figure (d) is the self-healing benefit of the grid load. Both self-healing benefits and self-healing rates are used to measure the self-healing ability, and are all indicators of effectiveness. However, the larger the selfhealing rate, the greater the self-healing benefits is not necessarily, because the magnitude of the load also has impact on the outcome of self-healing benefits. It can be seen from That is because the grid load suddenly decreases from 3 to 6 o'clock. In the case of similar load, the higher the self-healing rate, the better the self-healing efficiency; but when the load difference is large, the relationship between the self-healing efficiency and self-healing rate is less obvious.
According to the formulas (12)∼(15), the entropy weight method is used to obtain the self-healing comprehensive performance R SHP of the grid for one day. In the same way, the self-healing comprehensive performance of the residential area, the self-healing comprehensive performance of the commercial area, and the self-healing comprehensive performance of the industrial area can be obtained, as shown in Figure 8 .
As can be seen from Figure 8 , the self-healing comprehensive performance of the grid is weak at night and needs to be improved. Besides, self-healing comprehensive performance of the commercial area of the grid is higher than that of the industrial area, and the self-healing comprehensive performance of the residential area is the lowest.
VIII. CONCLUSION
This paper considers the uncertainty of the self-healing process and establishes four indicators, namely self-healing credibility, self-healing rate, self-healing speed, and selfhealing benefits, using the entropy weight method to obtain self-healing comprehensive performance to comprehensively evaluate the self-healing of smart distribution network. The example shows that the smart distribution network selfhealing evaluation system established in this paper can be used to effectively and scientifically evaluate the selfhealing of the power grid and provide targeted guidance for improving the self-healing performance of the power grid. 
